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SYMBOLS AND ABBREVIATIONS

Description

Degrees Celsius

Centimeter

Degrees Fahrenheit

Federal Aviation Administration
Feet or foot

Gallons per minute

Horsepower

Kilogram

Kilonewton

Pounds force

Pounds

Meter

Millimeter

Pneumatic Impulse Ice Protection
Pounds per square inch gauge (pressure)
Specific cubic feet per minute
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GLOSSARY
bridging - The formation of an arch of ice over a pneumatic boc: on an airfoil surface.
icephobi¢ - A surface property exhibiting a reduced adhesion to ice; literally, "ice-hating."

light icing - The rate of accumulation that may create a hazard if flight is prolonged in this
environment. Occasional use of de-icing/anti-icing equipment removes/preveats accumulation.

moderate icing - The rate of accumulation is such that even short encounters become potentially
hazardous and use of de-icing/anti-icing equipment or diversion from the area/or altitude is necessary.
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II1.1.0 PNEUMATIC BOOT DE-ICING SYSTEMS

I0.1.] OPERATING CONCEPTS AND COMPONENTS

Pneumatic boot surface de-icing systems remove ice accumulations mechanically by alternately
inflating and deflating tubes in a boot covering the surface to be de-iced. Inflation of the tubes under
the accreted ice breaks the ice into particles and destroys the ice bond to the surface. Aerodynamic
or centrifugal forces then remove the ice. This method of de-icing is designed to remove ice after
it has accumulated rather than to prevent its accretion on the surface; thus, it cannot be used as an
anti-icing device.

The tubes in the pneumatic boot are usuaily oriented spanwise but may be oriented chordwise
if dictated by a particular design. Chordwise tubes have lower drag than spanwise tubes but may
present manifolding complications. The inflatable tubes are manifolded together in a manner to
permit alternate or simultaneous inflation as shown in figures 1-1 and 1-2, but alternate inflation is
less commonly used. Chordwise boot coverage should be determined by analysis or test of droplet
impingement limits (Section 1.2.2.1.6). Spanwise coverage should be sufficient to protect the surface
in question.

In addition to the boots, the primary components of a pneumatic system are a regulated pressure
source, . vacuum source, and an air distribution system. Miscellaneous componeats include a solenoid,
check and relief valves, air filters, control switches and timer, and elecirical interfaces including fuses
and circuit breakers. A regulated pressure source is required to insure expansion of all tubes in the
system to design limits and within design rise times. If tube expansion is too slow, de-icing
effectiveness is lessened. The vacuum source is essential to insure positive deflation and keep the
tubes collapsed during non-icing flight conditions to minimize the aerodynamic penalty.

Air pumps generally multiply the atmospheric pressure by a fixed factor, so the pressure
delivered becomes a function of altitude. Therefore, the pressure produced at service ceiling altitude
is a design condition.

1.1.1 Conventional Pneumatic Boot De-icing Systems

Conventional pneumatic boots are constructed of fabric-reinforced synthetic rubber or other
flexible material. The material is wrapped around and bonded to the lcading edge surfaces to be de-
iced on wings or empennage. Total thickness of typical pneumatic boots is usually less than 0,10 inch
(2.54 mm).

Pneumatic boots have been the standard ice protection method for piston engine aircraft since
the 1930's. Pneumatic boots are easily retrofitted, require very little power, and are a light weight
system of reasonable cost.

I 1-1




1.1.2 Pneumatic Impulse Ice Protection

A Pneumatic Impulse Ice Protection System (PIIP} is currently in deveiopment (reference 1-1)
with the principle goal of optimizing the performance of pneumatic de-icing systems. Specific goals
are to (a) minimize boot intrusion into the airstream, (b) minimize threshold ice thickness required for
removai while retaining the ability to remove ice of thickness 0.50 inches (12.7 mm) or more, and (c)
maximize weatherability and erosion resistance of the outer surface ply material.

The pneumatic impulse system is a surface-mounted device which relies on surface distortion
to break up and remove accumulated ice. With the PIIP systems, the surface is momentarily distorted
through a pulsed inflation on the order of 10 milliseconds. Total surface deformation is approximately
0.09 inch (2.3 mm). The pneumatic impulse system consists of fabric-reinforced elastomeric coated
tubes with a titanium outer cover which enhances the weatherability and erosion resistance. The
maximum ice protector thickness is 0.075 inch (1.90 mm) nominal, tapering to 0.015 inch (0.38 mm)
at the trailing edge. Tube orientation tested to date has been spanwise. An interstice, or non-bonded
region consisting of two facing fabric layers, aids surface distortion.

A solenoid activated high pressure flow valve connected to a high pressure air source (1500 psig
nominal) pulses air to the ice protector. Each flow valve contains a small accumulator sized to inflate
the ice protector tubes to a maximum of less than 200 psig. One high pressure valve is required for
approximately every 10 feet of surface protection. The high pressure flow valve is cycled via an
electronic timer/controller configured to accept signals from ice detectors and/or temperature probes
to initiate system sequencing.

Icing tunne! and limited flight testing to date has shown that ice layers as thin as 0.02 inch (0.50
mm) can he removed. However, a nominal ice thickness of 0.06 inch (1.50 mm) cold ice has been
consistently removed. Wet ice existing at 25 °F or greater also has been consistently removed at a
thickness of 0.10 inch (2.5 mm). Ice layers as thick as 1 inch (25.4 mm) have been successfully
removed.

The weight of the pneumatic impulse ice protection system is similar to the conventional system,
i.e., approximately 0.44 lbs/ft2 (2.15 kg/mz). A system designed for the wings of a typical twin-
engine 100-passenger commercial transport is estimated to weigh 123 1bs (55.8 kg) total. This system
includes eight ice protectors 10 feet (3.05 m) long, ten high pressure flow valves, two electronic
controliers, a distribution network, and two hydraulic-driven air compressors. Total power
requirements for this system were estimated as follows:

Electrical: 100 watts for 1 second
Power for one compressor: 1.9 hp based on fluid drive of 1.3 gpm @ 3000 psig. Power is
consumed only during the system charge time.

m1-2
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A comparison of impulse and conventional pneumatic boot systein characteristics follows:

Poeumatic Impulse Conventional

Ice Protector Pneumatic De-Icer
Surface Ply Elongation 110 .25% 40 to 50%
Nominal Inflation Time .010 Seconds 2 Seconds
Nominal Deflation Time .100 Seconds 6 Seconds
Maximum Surface Distortion .09 Inch {2.29 mm) .375 Inch (9.53 mm)
Threshold Ire Removal Thickness .06 Inch (1.52 mm) .25 Inch (6.35 mm)
Surface Ply Material Metallic Elastomeric

II1.1.2 DESIGN GUIDANCE FOR CONVENTIONAL PNEUMATIC BOOT SYSTEM

1.2.1 Fixed Wing Aircraft

Boot de-icing is strongly affected by the airfoil shape. It is not uncommon to find that several
iterations of boot design are required to obtain the desired ice protection performance. The boot
manufacturer’s assistance is usually needed in the process of choosing tube cize, sequencing order,
pressure level, spanwise/chordwise tube combinations, etc.

The system should be operated to evaiuate overall performance during dry air flight testing.
Boot inflation pressure should reach the design pressure within the allowable inflation time (usually
about six seconds). This pressure should be maintained up to the maximum icing altitude of 22,000
feet (0100 m) (see FAR 25, Appendix C) or the aircraft’s service altitude, whichever is lower. Also,
the vacuum used to deflate the boots should be adequate even at maximum operating airspeeds.

1.2.1.1 Turbine Engine Powered Aircraft

Gas turbine engines generally provide pressure directly from compressor bieed air and vacuum
irom a bleed air driven ejector.

Components of a typical pneumatic boot surface de-icing system for a turbine powered aircraft
are shown schematically in figure 1-3. This typical system utilizes engine bleed air for the air pressure
source, which is regulated to 13 lbf/inz (124 KN/mz) for boot inflation. As a safety feature, a relief
valve is incorporated into the regulator valve design that will limit the over-pressure. For the dual
cycle system shown, the wing and empennage boots may be alternately pressurized.

The regulated bleed air is routed to a venturi air ¢jector which provides vacuum for boot hold-
down, as well as for flight instruments. A distributor valve applies pressure or vacuum to the boots
in conformity with a selected cycle. Usually this valve has two boot distribution ports - one port is
used to inflate and deflate the wing boots and the other port is used for the empennage boots. Air
plumbing line sizes and systern components are selected based on the functional requirements; namely,

nri-3
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maximum boot operating pressure and the pressure rise time. Installation of this type system requires
only minor airframe modifications.

1.2.1.1 Reciprocating Engine Powered Aircraft

For piston engine aircraft, air pumps driven from the engine’s geared accessory drive are usually
used. Some manufacturers ase the inlet and outlet sides of a single centrifugal air pump to provide
both vacuum and pressure. Engine manifoid vacuum is not suitable due to its extreme variability with
engine load, and with turbo-charged engines, no manifold vacuum exists. Yacuum systems are often
shared with vacuum-driven flight instruments.

Components of a typical pneumatic boct surface de-icing system for a reciprocating engine
powered aircraft are shown in figure 1-4. Engine driven dry air pumps supply air pressure for boot
inflation. A dual pressure regulator and relief valves control the pressure at a low pressure setting
that is adequate for instrument operation. When the surface de-icing system is activated, the dual
pressure regulators shift to the higher pressure required for pneumatic boot inflation. This two-stage
pressure conirol provides extended pump life and less engine power extraction in normal flight without
icing conditions. A timer operates the solenoids in the pressure regulators and the de-icing valve. A
pressure switch operates a signal lamp to show boot operation.

The pressure regulator and relief valve system maintains pressure when the de-icing system is
in use. The de-icing valve is a solenoid operated ON-OFF valve which applies pressure or vacuum
to the boots. An air ejector is included in the system to provide vacuum to the boots in the OFF valve
position. A single-cycle system where all boots are pressurized together is shown in figure 1-4.

1.2.2 Rotorcraft

An experimental pneumatic boot de-icing system has been successfully tested on helicopter rotor
bladcs; (references 1-2 and 1-3). A de-icing boot configuration was developed (figure 1-5) to
minimize aerodynamic drag when the boot was in€lated. In this test, the inflated boots caused a drag
increase equivalent to about 3/8 inch (95 cm) ice on the rotor blades. For a 9500 ib (4310 kg) 2-
blade he!l’ “2pter, full span de-icing boots were simultaneously inflated in less than two seconds to
effectively remove accreted ice. Operating air pressure was obtained from a turbine engine bleed
source. Figure 1-6 shows the operating schematic of this system. Improved ice shedding indicated
that the boot rubber surface had a reduced surface adhesion te the ice. Boots therefore may provide

some icephobic benefit.

1.2.3 Other Applications
Ice protection of some other components, such as radomes, with pneumatic boot de-icing systems
is feasible (see Section 1.3.8).

II1 1-4




III.1.3 USAGES AND SPECIAL REQUIREMENTS

1.3.1 Airfoil and Leading Edge Requirements

The airflow required for pneumatic booi operation is smatl compared with that for a hot gas ice
protection system. Pneumatic boot de-icing systems may be added to an existing airplane with minor
modification and expense. In areas of low static pressure on airfoils, auto-inflation of pneumatic boot
tubes may occur and disrupt airflow over the surface. A vacuum source is used to prevent auto-
inflation during the deflation period. During the inflation portion of the cycle, large drag increascs
and lift degradation can occur because of the spoiler action of inflated spanwise tubes. The use of
chordwise tubes minimizes this problem.

Ice particles shed by pneumatic boots may be large enough to damage aft-mounted engines or
propellers. Axial flow engines {turbojets and turbofans) are the most vulnerable, while turboprop
engines with particle-separating inlet ducts are less likely to be damaged. For some airplanes, the
wing section upstream of the engine may be provided with some forn of anti-icing to avoid engine
ice ingestion while the remainder of the wing is de-iced by pneumatic boots.

i.3.2 Windshields
The application of pneumatic boots for windshields is not possible.

1.3.3 Engine Inlet Lips and Components
The use of pneumatic boots has been limited to ice protection of turbine engines with bypass
inlets.

1.3.4 Turbofan Components
The use of pneumatic boots for turbofan components has not been tried.

1.3.5 Propellers, Spinners, and Nose Cones
The use of pneumatic boot de-icing on propellers, spinners, and nose cones is feasible but has
not been tried.

1.3.6 Helicopter Rotors and Hubs

Pneumatic boot de-icing systems have been tried on helicopiers on an experimental basis using
a 9500 1b (4310 kg) 2-biade helicopter (references 1-2 and 1-3) as discussed in Section 1.2.2. No
application to rotor hubs is known.

1.3.7 Flight Sensors
Pneumatic boot system' are not suitable to de-ice flight sensors.




1.3.8 Radomes

Radar-designed pneumatic boot de-icers may be instalied on the external contour of radomes;
however, the boot may slightly increase transmission losses. A schematic of a pneumatic boot system
applied to a radome is shown in figure 1-7, This system inflates all tubes at the same time. A
combination valve provides deflation vacaum or inflation air as determined by a control timer.
Installation detaiis are shown in figure 1-8. The boot is about 0.075 inches (1.91 mm) thick except
in the supply manifold area where it is 0.16 inches (4.1 mm) thick. Greater thickness will provide
longer service life but will increase transmission losses.

1.3.9 Miscellaneous Intakes and Vents

Flush or recessed air scoops may not require ice protection. Pneumatic booc de-icing of air
intakes and vents may be feasible, depending on the size of the intake o¢ vent, but no application is
known,

lil.1.4 WEIGHT AND POWER REQUIREMENTS

The weight of a pneumatic boot ice protection system for a small, single-engine, FAR Part 23
airplane is approximately 25 1b (11 kg) and requires about one-third horsepower (250 watts). The
distribution of the system weight should not significantly affect aircraft balance and the total weight
should not cause an appreciable performaiuce penalty. The power extracted to drive an air pump in
a piston engine powered aircraft is small in relation to the total power avaiiable.

For a small twin-engine FAR Part 23 airplane, a pneumatic boot ice protection system will weigh
approximately 28 1b (12.5 kg) and require about one-half HP (370 watts). The distribution of system
weight should not significantly affect aircraft balance and the total weight should not cause an
appreciable performance penalty.

For a small twin jet engine FAR Part 25 business jet airplane, a pneumatic boot ice protection
system will weigh approximately 35 1b (16 kg) and require about one-half HP (370 watts). For a large
FAR Part 25 transport category airplane, the system will weigh approximately 195 1b (90 kg) and
require about 2.8 HP (2100 watts).

For a 9500 1b (4310 kg) FAR Part 27 helicopter, a pneumatic boot de-icing system (figure 1-6)
will weigh approximately 40 1b (18 kg). The weight breakdown of this system: is inflatable boots 22
ib (10 kg), components 3.8 Ib (1.7 kg), and plumbing 14.8 1b (6.7 kg). Operating air for a two-second
inflation cycle is about 22 f £ per minute. Electrical power required for this cycle is about one-half
HP (370 watts). For a larger FAR Part 29 transport category helicopter, the system weight and power
required would be in proportion to aircraft weight.

I 1-6




M.1.5 ACTUATION, REGULATION, AND CONTROL

A preumatic boot de-icing system is usually controlled by a three-position switch with OFF,
MANUAL, and AUTO CYCLE modes of operation. When the switch is held in the MANUAL
position, all boots will inflate and remain infiated until the swiich is released. When the AUTO
CYCLE position is selected, an electronic timer controls the inflation, deflation, timiz.g, and sequence
of the system.

II.1.6 OPCRATIONAL USE

Preflight checkout of the pneumatic boot de-icing system pressure and boot inflation is
recommended. Generally, a nominal ice thickness of 0.5 inches is aliowed to accrete before the de-
ice system is turned on, This thickness is determined by analysis and test and is dependent on the
type of boots, leading edge contour, aircraft speed, atmospheric conditions, and drag characteristics
of the surfaces that have accreted ice. Bridging is the formation of an arch of ice over the boot which
is not removed by boot inflation. This can occur if the system is activated too early or too frequently,
especially in glaze icing conditions. As icing encounters and severity of icing are difficult to forecast,
the pilot should not depend upon marginal reserve power when ice protection is required and fly into
an area where icing is predicted. Operation of a pneumatic boot ice protection system in ambient
temperatures below -40 °F (-40 °C) may cause permaneat damage to the de-icing boots.

Pneumatic boots should inflate and deflate rapidly to function effectively. To accomplish this,
the time to reach full pressure should be about 5 to 6 seconds. During moderate icing a 60 second
rycle is suggested, while for light icing, longer accretion times of 3 to 4 minutes should be permitted
(reference 1-4).

In tests to date on rotorcraft, the pneumatic boot system is activated when ice growth reaches
approximately a 0.25~inch (6 mm) thickness or when the indicated torque increases noticeably above
the level with no ice accretion, Rotorcraft typically have smaller airfeils chords than fixed wing
aircraft, so thick ice will result in high rotor power penalties, also thick ice may self-shed
asymmetrically. The boot inflation time is approximately 2 seconds in rotorcraft applications.

An ice detection light is usually installed where it will illuminatz a wing leading edge surface
as an aid in observing ice accumulation during night operation. The location of the light and area
illuminated must be such that the pilot can readily observe ice accretion and its thickness.

Icephobic liquids are available for spraying on the boots prior to a flight when an icing encounter
is likely. These sprays reduce the adhesion of ice to the boot surface resulting in improved ae-icing.
However, the liquid erodes away so that its effectiveness is nearly gone after a few de-icing cycles or

even after a few hours of flight in clear air.




III.1.7 MAINTENANCE, INSPECTION, AND RELIABILITY

Because preumatic boot de-icing systems operate on clean turbine engine bleed or filtered air
from dry air pumps, little is required in servicing the system. All vacuum and pressure filters used
in the system should be periodically cleaned. Frequency of this cleaning will vary with the conditions
under which the airplane is operated.

The pressure regulating valves in the system ordinarily shouid not require adjustment althcugh
the valve assembly will usually be equipped with adjusting screws to permit field adjusi.aents.

The dry air pumps require no lubrication or maintenance but should be overhauled or replaced
at engine overhaul.

Surfaces of the pneumatic boots should be inspected for engine oil after servicing and at the
end of each flight. Any oil deposits should be removed with non-detergent soap and water solution.
Care should be exercised during cleaning to avoid scuffing the boot surface. Pneumatic boots may
he damaged if refueling hoses are dragged over the surface of the boots, or if ladders and piatforms
are rested against themi. In any eveni, the hoot manufacturer’s recommendations should be foliowed
for maintenance and repair of cuts and scuff damage.

1II.1.8 PENALTIES

Some aerodynamic drag penalty is to be expected with pneumatic boot de-icing systems on the
wing, but it can be minimized by recessing the surface leading edge to offset the boot thickness.

HL.I.9 ADVANTAGES AND LIMITATIONS

Pneumatic boot de-icing systems have been in use for many years and their repair, inspection,
maintenance, and replacement are weli understood (references 1-5 and 1-6). System weight and
power requirements are minimal. Pneumatic boot material deteriorates with time and periodic
inspection is recommended to determine need for replacement,.

iI1.1.10 CONCERNS

A certain degree of pilet skill is required for safe and effective pneumatic boot operation.
Actuation when accreted ice is too thin may result in "bridging" where the formation of ice over the
boot is not cracked by boot inflation. Thus, attention is required to judge whether the cycle time
continues to be correct as icing conditions change. Demands on the pilot increase during flight in
darkuess since observation of ice accretion rate and severity is more difficult.

I 1-8
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GLOSSARY

evaporative system ~ Any anti-icing system that supplies heat sufficient to evaporate all water droplets
impinging on the heated surface.

light icing - The rate of accumulation that may create a hazard if flight is prolonged in this
environment. Occasional use of de-icing/anti-icing equipment removes/prevents accumulation.

liguid water content (LLWC) - The total mass of water contained in all the liquid cloud droplets within
4 unit volume of cloud. Units of LWC are usually grams of water per cubic meter of air (g/m3).

median volumetric diameter (MVD) - The dropiet diameter which divides the total water volume
present in the droplet distribution in half; i.e., half the water volume will be in larger drops and half
the volume in smaller drops. The value is obtained by actual drop size measurements.

micron {m) - One miilionth of a meter.

moderate icing - The rate of accurnulation is such that even short encounters become potentially
hazardous and use of de-icing/anti-icing equipment or diversion from the area and/or altitude is
necessary.

running-wet system - Any anti-icing system that supplies only enough heat to preveat impinging
water droplets from freezing on the heated surface.

severe icing - The rate of accumulation is such that de-icing/anti-icing fails to reducs or control the
hazard requiring immediate diversion from the area and/or aititude.

stagnation point - The point on a surface where the local velocity is zero.
trace jcing - Ice become: perceptible. The rate of accumulation is slightly greater than the rate of

sublimation. It is not hazardous, even though de-icing/anti-icing equipment is not used, unless

encountered for an extended period of time.
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Ii.2.0 ELECTRO-THERMAL SYSTEMS

N1.2.1 OPERATING CONCEPTS AND COMPONENTS

All thermal ice protection systems operate on the same principle: Heat is appiied to an area
encompassing the water impingement region. The heat is used to evaporate or prevent impinging
cloud droplets from freezing or to debond or melt an existing ice cap. The equipment required for
electro-thermal systems is the same in either case: a source of electrically generated heat a
distribution system, and a control system.

Two sources of the required electrical energy are considered in this section:

a. Extraction from the airpiane’s own electrical system.

b. A separate onboard generator with its own source of power.

The electrical energy is distributed to the areas requiring anti-icing or de-iciug. It then flows
through resistance heaters designed to provide the necessary heat for either anti-icing or de-icing of
the surface.

Major components of an electro-thermal system are:

Source of electrical energy.

Wiring system to distribute energy to the surfaces to be heated.

Resistance heaters in the areas to be anti-iced or de-iced.

Temperature sensors at the heated surfaces.

Manual or automatic control unit to monitor icing conditions and heat supplied te the surface.
Cockpit panel mounted display to keep the crew advised of the sysiem operation (e.g.,
warning lights, surface temperature indicator, icing condition warning, power consumption,

S e a0 o P

etc.).

Provisions for r¢ “undant electrical energy sources are gererally used to provide a high probability
of beiag able to venture into known icing conditions and to ensure safe system operation when icing
conditions are encountered.

Aircraft surface areas that may be afforded electro-thermal ice protection are shown in figure
2-1. Of these areas, the windshield is always given anti~-ice protection while the remainder of the
areas may be given anti-ice or de-ice protection, depending on the power available for ice protection

and the effects of ice accretion on the component.

11.2.2 DESIGN GUIDANCE
Electro-thermal systems use electrical resistance heaters {foil, film, resistance wire, mesh, etc.)
irmbedded in fiberglass, plastic, rubber, or metal to heat the surface. Figure 2-2 shows cross-sections

of typical electrical heaters.

iI 2-1




Electro~thermal systems are classified as anti-icing or de~icing systems. An anti-icing system
prevents the formation of ice in a specified area whereas a de-icing system allows ice to build up and
then removes the ice cap.

2.2.1 Anti-icing Systems

Electro-thermal anti-icing systems use electrical heaters t¢ maintain the temperature of the
surface to be protected above freezing throughout an icing encounter. Electro-thermal anti-icing
systems are classified as evaporative or "running wet."

Evaporative systems, as the name implies, supply sufficient heat to evaporate all water droplets
impinging upon the heated surface. The runring wet systems, however, provide only enough heat to
prevent freezing on the heated surfacc. Beyond the heated surface of a running wet system, the water
can freeze, resulting in runback ice. For this reason, running wet systems must be used carefully so
as not to permit buildup of runback ice in critical locations. For example, the heated surface of a
running wet system on a turboprop or turbojet engine inlet should extend into the inlet to the
compressor face so that the water runotf will combine with the intake air and not strike cold surfaces
where it could refreeze, break off, and possibly damage the engine.

2.2.2 De-Icirg Systems

In a de-i